Wettability of graphite by the Ca0-Si0 2 -Al 2 0 3 -FeO-MgO slag has been investigated using the sessile drop technique. The focus of this paper is on the carbon/slag interfacial phenomena, which has a significant effect on the kinetics and mechanisms of iron reduction from the molten slag by carbon in the direct iron smelting process.
INTRODUCTION
In iron bath smelting processes about 40% of iron is reduced by coal char dispersed in the slag phase. Although laboratory scale research relating to the reaction of liquid iron with carbon has been carried out since the 1950s /1-12/, the reaction mechanism and the rate controlling stages are not clear.
Reduction of iron oxide from molten slag by char and graphite was investigated in the studies discussed here /12-14/. Bafghi et al. I\2I conducted a kinetic study on the reduction of iron oxide from the molten slag by graphite at 1300°C. They concluded that the reduction rate is significantly affected by the slag composition. For slags with higher basicity, the reaction rate was found to be controlled by mass transfer in the slag phase, whereas chemical reaction resistance is predominant in slags with lower basicities. Chemisorption of surface active agents (silica and/or phosphorus) at the interface lowers the chemical reaction rate.
Sugata et al. /13/ measured the rate of iron reduction from molten slags in a temperature range from 1350 to 1450°C by rotating solid carbon or coke rods. They found that at higher rotation speeds of the rods there is no effect on the reduction rate and the reduction rate obtained was proportional to the first order FeO activity in slags. At lower rotation speed, the rate was considered to be controlled by both the diffusion in molten slags and the chemical reaction.
Sarma et al. /14/ investigated the reduction of slags containing less than 10 wt% FeO by solid carbonaceous materials. They found that the iron oxide reduction reaction occurs through a gas halo (CO) formed around the coal particle. CO formation caused slag foaming and the system was strongly stirred by gas evolution. The reaction rate is a function of the FeO content of the slag and depends on the speed of the rotation of the rod. Bafghi et al. /15/ investigated the coal/slag reaction and found in contrast to Sarma's /14/ that the reduction reaction occurs directly at the coal/slag interface.
Such inconsistency in results of iron reduction by char may partly be attributed to the effect of slagcarbon interfacial phenomena which depends on the slag chemistry and possibly other factors including type of carbonaceous material.
Wettability of carbon by slag was investigated in a few studies 116-201. Towers /16/ measured the contact angle of molten slags (Ca0-Al 2 03-Si0 2 ) on platinum, alumina and graphite substrates. The contact angle was affected by the gas atmosphere. After melting, contact angle between slag and graphite was found to be around 160 degrees. It decreases down to 20-30 degrees as a result of silicon reduction from slag.
Raask /17/ studied the slag-coal interfacial phenomena by observing the wetting properties of coal-ash slags on devolatilized coal in an atmosphere of pure dry nitrogen. In a few experiments a volatilized potassium sulfate was also introduced into the nitrogen stream. He detected that coal-ash iron free slags do not wet carbon or devolatilized coal, as the contact angle of the slag on carbon was 160° and the slag droplets do not adhere to carbon. When the slag of high iron content was kept on a carbon plate above 1400°C for several minutes a diffuse interface rich in iron was observed. This layer adhered both to the slag and to the carbon surface; the contact angle was lowered to 140°. when a slag-carbon interface was exposed to the vapor of potassium sulfate, the contact angle changed from 160° to below 90°. Sahajwalla et al. /18/ studied the wettability of carbonaceous substrate by slags in the temperature range of 1400 -1600°C to investigate the influence of carbon type, slag composition and temperature on the phenomena at the slag-carbon interface. The results
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Slag indicate that the slag-carbon interactions depend on the carbon type and slag composition. Thus, a review of the literature shows that very little is known about molten slag-char interface properties, including wetting characteristics, although these properties play an important role in the reduction process.
Wetting is characterised by the contact angle θ formed between the molten droplet and solid substrate. In the non-reactive system this angle is a derivative of three forces imposed on the system by solid-gas, γ,", solid-liquid, γ,ι, and liquid-gas, γι ν interface tensions /21/. The contact angle could also be described through a work of adhesion in accordance with the Dupre equation /22/:
The movement of the wetting line and corresponding change in the interface solid-liquid Α,ι, solid-gas A,g and liquid-gas A )g areas cause the change in the Gibbs free energy of the system 120/. AG = Δ J, y d dA sl + Δ J jv r iV dA sv + Δ\ lv 7, v dA lv (3) The wetting can proceed when AG is negative, and the system achieves a mechanical equilibrium when AG is equal to zero. Therefore, AG is a thermodynamic driving force for wetting. In the reactive system, in which liquid and solid phases brought into contact are not in the chemical equilibrium, the solid-liquid interfacial tension and wetting are affected by the Gibbs free energy of the liquid-solid reaction /23/.
It was shown by Grigoiyan et al. /24/ that the further the solid-liquid system is from chemical equilibrium, the more a decrease in γ,ι is observed:
AY sl =AG r (4) where AG r is the Gibbs free energy of the solid-liquid chemical reaction. This indicates that, in general, the factors which govern the wetting in the reactive system are uncertain, and could be found only experimentally. The aim of the present study is to investigate the in situ wettability of graphite by molten slag to understand the mechanisms of iron reduction from iron oxide bearing slags by carbon. The wettability of graphite by liquid slag is studied as a function of slag composition, with iron oxide in the range 0-10%, by determining the contact High Temperature Materials and Processes angle variation with time and conducting SEM studies of the slag/carbon interface of the quenched system.
EXPERIMENTAL
Slags of the Ca0-Si0 2 -Al 2 0 3 -Mg0-Fe0 x system were prepared by the repeated smelting and grinding of a mixture of pine (>99.9%) oxides. Slags 2-4 have different iron oxide concentration with low MgO, slags 1 and 5 have high MgO concentration with low and high iron oxide content, respectively. Slag samples were analysed by XRF; their compositions are given in Table 1 . The substrate was made from graphite with less than 0.3% ash. Substrates of suitable sizes were cut, polished up to 600 μηι, cleaned and dried. The slag sample of a mass of 0.25 g was placed on the carbon substrate.
The experiments were conducted using the sessile method in the laboratory horizontal tube furnace at 1600°C in an argon atmosphere. The internal tube diameter was 55 mm. A schematic diagram of the experimental set-up is given in Figure 1 . Temperature was controlled by the B-type thermocouple placed in the close vicinity of the sample. Initially the graphite and slag samples were kept in the low temperature zone of the furnace tube; then, when the required temperature (1600°C) was achieved, the sample was introduced into the hot zone.
The wettability of graphite by slag was determined by direct continuous measurement of the interfacial contact angle as a function of time. Droplet images were captured using a CCD camera. The contact angle between the drop and graphite substrate was measured using image analysis software on the basis of a curve fitting algorithm. The camera assembly was connected to a video cassette recorder through a video distributor amplifier. The reaction sequence dining the experiment was recorded on video tape. An on-line date/time generator permitted image capturing to be related to time. Examples of images for the slag no. 3 showing calculated contact angle is given in Figures 2 and 3 . The contact angle was determined for both the left hand side (LHS) and the right hand side (RHS) of the drop and the best fit was used in the solution. In these figures SSR is the sum of squares of residuals between the best fit polynomial and the drop profile; φ is the contact angle calculated from the tangent of the best fit polynomial and the top of the substrate.
After the completion of wettability experiments the samples were quenched by pulling the sample holding tray to the cold zone from the hot zone and prepared for the SEM analysis. The samples were taken out and sectioned vertically so that the graphite, interface and slag droplet come in one plane after grinding. The samples were polished, cleaned, dried and coated with copper. Scanning electron microscopy studies of the interface were carried out on the Hitachi S-4500 microscope.
3. RESULTS
Wettability
Dynamic contact angles of slags 1 to 5 on the graphite substrates at 1600°C were measured and plotted as a function of time. Initially when the slag/ graphite samples were introduced from the cold zone into the hot zone, the furnace temperature dropped by 120-150°C. The time scale shown on the plots reflects the time after melting.
Observations on the slag/graphite interactions are described in the following sections. Figure 6 shows the wettability of the slag just after melting on graphite substrate, with a contact angle of 107°. Figure 7 shows the change in the contact angle with time at 1600°C; during the first 130 seconds contact angle fluctuated between 98 and 111°. Then contact angle decreased slightly and became steady at 102° for about 300 seconds. Slag no. 3 had low MgO concentration but higher content of iron oxide of 2.15%. This slag started to melt at 1530°C. Figure 8 shows the wettability of the slag just after melting on graphite substrate with a contact angle of 105°C. Figure 9 shows variation of dynamic contact angle with time; until the first 80 seconds the contact angle was between 103° and 109°. The contact angle became steady after 300 seconds.
Slag no. 4 containing 9.16 wt% of iron oxide started to react with carbon immediately after melting. The initial contact angle just after melting was 81° ( Figure 10 ). The reaction was vigorous and change passing the interface. It is clear from the X-ray line scan spectrum ( Figure 16 ) that there is no dissolution of carbon from graphite to slag, or other slag/graphite reaction, except the presence of a very weak peak of iron in the graphite which might be the reduction of 0.2 wt% iron oxide present in the slag. Figures 17 and 18 show SEM pictures of the interface for slag no. 3 containing about 2.15 wt% iron oxide. Reaction at the interface is evident and much of the reduced metallic iron can be seen throughout the interface in the form of small particles. In the middle of the interface a big lump of metallic iron can also be seen which has come out after pushing the slag (Figure 19). The thickness of the interface was around 30 μιη. X-ray line scan spectrum shows that all the reduced metallic iron was in the graphite side and no metallic iron was found in the slag (Figure 20) . Figures 21 and 22 show SEM pictures of slag no. 4, which contains about 9.16 wt% iron oxide. Metallic iron was accumulated at some locations as well as found at the interface which is clear on high magnification. The thickness of the interface within which metallic iron is present is around 40 to 50 μτη.
X-ray line scan spectrum is similar to slag no. 3; all the reduced metallic iron was in the graphite side. Slag no. 5 contains about the same amount of iron oxide but MgO concentration was about 8.2 wt%. Metallic iron was found throughout the interface similar to slag no. 3 (Figures 24 and 25 ) and also accumulated in the form of big lumps (Figure 26 ) as was the situation in slag no. 4. Here again the interface is much affected by the reaction which is clearer at higher magnification.
X-ray line scan spectrum is similar to slags no. 3 and 4, except that in this case the spectral component for Mg can also be seen. Here again all the metallic iron was within the graphite substrate ( Figure 27 ). The thickness of the interface was 50 μχη, similar to slag no.
4. An electron probe microanalysis was carried out on the reduced metallic iron, which was found to consist of 99.7 wt% iron and 0.3 wt% carbon.
DISCUSSION
It is known that wetting of carbon by slag is rather poor. Thus contact angle between blast furnace type slag (40% CaO, 20% A1203 and 40% Si02) and Wetting of graphite by the slag containing iron oxide may also be affected by the formation of metallic iron and nucleation and growth of gas bubbles on the graphite/slag interface; and by the change in the physical state of substrate as carbon is consumed by reaction with iron oxide (Figures 17-27 ). Slag/graphite interaction apart from iron reduction may involve reactions of silicon reduction and carbon dissolution with formation of calcium carbide. However, kinetics of these reactions are slow in comparison with iron reduction; it may be assumed that at the initial stage slag/graphite reaction comprises only iron reduction by carbon.
The initial iron oxide in the slag was 0.2 wt% in samples no. 1 and 2; 2.1 wt% in sample no. 3 and around 9.1 wt% in samples 4 and 5. Samples no. 1 and 2 have different MgO concentration. Thus, the effect of iron oxide on the slag/graphite contact angle may be observed from Figs. 7, 9, 11 and 13, which illustrate the dynamic contact angle for samples 2, 3, 4 and 5, respectively, at 1600°C. Just after smelting, the sample with initial iron oxide content of 9.1 wt% has a contact angle of about 80° which is lower than for samples with 2.1 wt% FeO x and iron-free slag. Contact angle for a sample with 2.15 wt% FeO practically does not change with time for the first 300 seconds of slag/graphite contact. Contact angle for an iron oxide-free slag has a tendency to decrease slightly. The picture is quite different for slags # 4 and # 5 with 9.16 wt% and 9.26 wt% FeO respectively. Contact angles for these samples increase sharply from about 80 degrees to 110-125 degrees for 10-20 sec and then steadily decrease to about 100 degrees with further exposure. The higher the iron oxide content in the slag, the further the slag/graphite system is from equilibrium, the higher the contribution of the reactive component into the change in the contact angle which may be expected in accordance with equation 5. As reported in the literature, the Gibbs free energy of a chemical reaction is a driving force for decrease in the liquidsolid interfacial tension and, therefore, for improvement of wetting. This perception is supported by results obtained in the present work: in the initial moment, when iron oxide concentration is high, the contact angle formed by the slag droplet on the graphite substrate is about 80 degrees, which is much lower than for the iron-free slag. As the reaction of iron reduction proceeds, and the slag-graphite system approaches equilibrium (with respect to iron oxide content in the slag), the effect of the reactive component decreases, and wettability of graphite by slag declines. Another factor affecting the change in the wettability of slag in the reduction process is the change in the interfacial energies brought about by the reduction reaction, particularly due to change in iron oxide content.
Data on surface tension of the Ca0-Si0 2 -Al 2 0-Fe0 x system of compositions investigated in this work have not been found in the literature. The surface tension of this system with high silica content (around 50 wt%) High Temperature Materials and Processes was found to decrease with increasing iron oxide concentration /27/.
To evaluate the effect of iron oxide on the slag surface tension the contact angles of slags 1 to 5 were measured on the Pt substrate (Table 2 ). It was revealed that wettability of Pt by slag containing 9.1% iron oxide is much better than the wettability of the iron-free slag. In the case of slags 4 and 5 with higher iron oxide content the equilibrium contact angle was 27°, while in the case of slag no. 3 with 2.1 wt% iron oxide the equilibrium contact angle was 47°. The equilibrium contact angle for iron-free slags was around 54°. It implies that surface tension of iron-free slag is higher than that of slag containing iron oxide (presuming that the effect of iron oxide on the slag/platinum interfacial tension is negligible).
As a result of iron oxide reduction by carbon, metallic iron is formed on the slag-metal interface. According to Ficks law, it takes only 0.01 seconds to saturate iron with carbon at 1600°C. Metallic iron (FeCgat melt) has good wetting properties on the graphite substrate, but wettability of oxides by iron is rather poor. The work of adhesion for the molten Fe-C"t alloys -graphite system, WMO-ΟΤ, is estimated to be 3,000 mJ/m 2 , liquid iron -Ca0-Si0 2 -Al 2 0 3 system (50 wt% CaO, 30 wt% Si0 2 , 20 wt% A1 2 0 3 ) -1040 mJ/m 2 /28/. Using data for contact angle obtained in the present work, the work of adhesion for the iron-free slag-graphite system may be estimated to be around 1000 mJ/m 2 . These data indicate that formation of an iron film between slag and graphite is not feasible.
As it follows from SEM analysis, reduced iron penetrates into the graphite substrate and forms a graphite-iron layer, whose thickness depends on the initial iron content. As the reduction proceeds, carbon is dissolved into the metallic iron, while iron diffuses into the graphite. The graphite substrates used here have around 25% of open porosity, which could facilitate the iron penetration. However, the porosity was not the major factor in the diflusion of iron into the graphite. In some experiments porosity was much less than 25%, but the iron-graphite layer had similar structures in two cases. It could be suggested that the change in the graphite substrate surface as a result of carbon consumption for the reduction and dissolution processes plays an important role in the diffusion of iron into graphite.
The behaviour of iron-free slags with different MgO content is illustrated by Figures 5 and 7 . Slag with higher MgO has higher contact angle with graphite. This may be attributed to its higher surface tension /29/. It should also be noted that slags nos. 1 and 2 differ not only by the MgO content but also by the Si0 2 content, which has a strong effect on the slag's surface tension.
CONCLUSIONS
Experimental measurement of contact angles between polished graphite and Ca0-Si0 2 -Al 2 0 3 -Mg0-FeO x slag revealed that wettability of graphite by slag is affected by slag chemistry, particularly initial iron oxide and magnesia content. In the beginning of the reduction of iron oxide from slag, char is wetted by the slag. With decreasing iron content in the slag, wettability declines. This may change the mechanism of iron reduction by char. Initially it may be a direct contact reduction, then when iron oxide concentration decreases and wetting becomes poor, via a gas halo. The following conclusions can be deduced from this study.
1. Just after smelting slags with initial higher iron oxide content demonstrate better wettability of graphite. This may be attributed to the effect of iron oxide on the interfacial energies owing to the reduction reaction. These results are in agreement with those of previous investigators, i.e. the Gibbs free energy of a chemical reaction is a driving force for decrease in the liquid-solid interfacial tension and, therefore, for improvement of wetting.
2. The iron formed as a result of the reduction penetrates into the graphite within a distance of 30-50
Wettability of Graphite by Ca0-Si02-Al20^-Fe0-Mg0 Slag μιη from the slag/graphite interface. In addition, lumps of iron are also deposited at the slag/graphite interface. 3. After approximately 4-5 minutes of slag/graphite contact, the contact angle in all slags (with no MgO) is in the range 101° to 105°.
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